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ABSTRACT
Context. Palomar 1 is a peculiar globular cluster (GC). It is the youngest Galactic GC and it has been tentatively associated to several
of the substructures recently discovered in the Milky Way (MW), including the Canis Major (CMa) overdensity and the Galactic
Anticenter Stellar Structure (GASS).
Aims. In order to provide further insights into its origin, we present the first high resolution chemical abundance analysis for one red
giant in Pal 1.
Methods.We obtained high resolution (R=30000) spectra for one red giant star in Pal 1 using the High Dispersion Spectrograph (HDS)
mounted at the SUBARU telescope. We used ATLAS-9 model atmospheres coupled with the SYNTHE and WIDTH calculation codes
to derive chemical abundances from the measured line equivalent widths of 18 among α, Iron-peak, light and heavy elements.
Results. The Palomar 1 chemical pattern is broadly compatible to that of the MW open clusters population and similar to disk stars.
It is, instead, remarkably different from that of the Sagittarius (Sgr) dwarf spheroidal galaxy.
Conclusions. If Pal 1 association with either CMa or GASS will be confirmed, this will imply that these systems had a chemical
evolution similar to that of the Galactic disk.
Key words. Stars: abundances, Galaxy: abundances, (Galaxy:) globular clusters: individual: Palomar 1
1. Introduction
Palomar 1 is sparsely populated and the youngest among
Galactic globular clusters (MV = −2.5 ± 0.5; age=6.3—8 Gyr,
Rosenberg et al., 1998a, hereafter R98a). Very little is known on
this cluster: Rosenberg et al. (1998b, hereafter R98b) provided
the only spectroscopic study of Pal 1 red giant branch stars to
date. By observing four stars in the Calcium II Triplet infrared
region, they derived a systemic heliocentric velocity of vhelio=-
82.8±3.3 kms−1and a metallicity [Fe/H]=-0.71±0.20. Besides its
unusual age and metallicity, the global slope of the Pal1 mass
function (MF) is flatter than Galactic globular clusters (GCs) at
similar locations and, hence, it does not fit the correlation with
Galactic position (RGC , ZGP), and metallicity [Fe/H] followed by
old Milky Way (MW) GCs (see Fig. 12 in R98a and Djorgovski
et al., 1993). R98a considered also the possibility of Pal 1 be-
ing an open cluster (OC). The concentration derived, c=1.6,
higher than any OC, and its position in the Galaxy (RGC=17.3,
Z=3.6 kpc) would make it a peculiar OC, though. Its mass and
half light radius place Pal 1 among the “lucky survival" in the
vital diagram of GCs (Gnedin & Ostriker, 1997). This suggests
that Pal 1 has lost an important fraction of its mass. In fact, R98a
calculate an evaporation time of 0.74 Gyr and concluded that
Pal1 might be on the verge of destruction.
Several authors suggested that young GCs like Pal l may be
related to dwarf satellites disrupted in the early stages of forma-
tion of the MW (see, e.g., Lynden-Bell & Lynden-Bell, 1995)
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and it is now clear that accreted satellites might have in fact con-
tributed to the star clusters population of the Galactic halo and
likely also to the disk OCs population (e.g. Frinchaboy et al.,
2004; Carraro & Bensby, 2009; Law & Majewski, 2010).
Indeed, putative association of Pal 1 with several of the sub-
structures discovered in the Galactic halo over the past decade
has been suggested. In particular, association of Pal 1 with the
“GASS" (Galactic Anticenter Stellar Structure. Crane et al.,
2003; Frinchaboy et al., 2004) and the controversial Canis Major
dSph galaxy (Momany et al., 2006; Martin et al., 2004; Forbes
& Bridges, 2010) have been proposed. Association with the “or-
phan stream" (Belokurov et al., 2007) was also suggested, al-
though a recent study of the stream orbit argue against this pos-
sibility (Newberg et al., 2010). While Pal 1 seems not to be re-
lated with the Sagittarius (Sgr) dwarf spheroidal galaxy tidal
streams (Law & Majewski, 2010) either, it is interesting to notice
that Pal 1 comfortably fits into the Sgr age vs metallicity rela-
tion (AMR) derived by Siegel et al. (2007). Pal 1 and the young
Sgr GCs Ter 7 and Pal 12, are also the only three GCs having
[Fe/H]>-1.2 and lying at Galactocentric distances RGC >8 kpc.
Recently, Niederste-Ostholt et al. (2010) detected tidal tails
out to a distance of about 90 rh (∼1 degree) from either side of
Pal 1. They argue that Pal 1 might have been evolving in a dwarf
galaxy accreted by the MW less than 500 Myr ago.
Chemical abundance patterns provide information about the
formation history of the system in which stars were formed.
In particular, the MW satellites and their GCs systems present
chemical compositions remarkably different from what observed
in the MW (see, e.g. Venn et al., 2004; Monaco et al., 2005;
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Fig. 1. Sample of the spectrum obtained for Pal1-I. Lines corre-
sponding to different elements are marked in the figure.
Lanfranchi et al., 2006; Monaco et al., 2007; Sbordone et al.,
2007). In order to shed light onto its origin, we present here the
first high resolution chemical abundance analysis for a red giant
star in the peculiar GC Palomar 1.
2. Observations and data reductions
We observed the Red Giant Branch (RGB) star Pal1-I (accord-
ing to the nomenclature introduced in R98b) using the High
Dispersion Spectrograph (HDS, Noguchi et al., 2002) mounted
at the SUBARU telescope in Mauna Kea (Hawaii). The Pal 1
RGB contains very few stars (see, e.g., Fig. 1 in R98b) and, al-
though more stars were in our target list, only this one could be
eventually observed. While having only one star may be a con-
cern, the homogeneity of the iron abundances of all stars mea-
sured by R98b suggest that Pal 1-I is likely not a peculiar object.
Yet, the presence of a spread in the measured abundance ratios
is an issue which cannot be addressed in the present analysis.
Two 1 hr exposures were taken on November 2nd 2007 in
service mode (Progr.ID: S07A-144S) using the standard StdYb
setup which covers the spectral range ∼4100-6900 Å. For each
exposure, the entire spectral range is recorded in two frames
through a blue and a red CCD. We adopted a 1.2′′slit width
which provides a spectral resolution of R=30000.
We employed the overscan region to perform the bias sub-
traction with the aid of in-house script available from the
HDS/SUBARU web page1. To remove cosmic rays we used
IRAF2 scripts available at the same URL. We applied a median
filter to the data and compared the counts to the original frames.
When high peaks were detected the pixels values were substi-
tuted with the counts of the median-filtered image. The proce-
dure is described in Aoki et al. (2005).
Data reduction was performed using standard IRAF tasks
and included order tracing, flat-fielding, background and sky
subtraction and extraction. Standard Th-Ar arcs were used for
wavelength calibrations. The four scientific frames were reduced
individually.
The object radial velocity (RV) was computed for each frame
by cross-correlating the observed spectra with a synthetic one
of similar atmospheric parameter using the IRAF task fxcor.
Finally, the single exposure spectra were reduced at rest frame
1 http://www.naoj.org/Observing/Instruments/HDS/
hdsql-e.html
2 IRAF is distributed by the National Optical Astronomy
Observatories, which is operated by the association of Universities for
Research in Astronomy, Inc., under contract with the National Science
Foundation.
and averaged. The final spectrum has a signal to noise of∼40 at
560 nm. The IRAF task rvcorrect was used to calculate the
earth motion and convert the observed RV to the heliocentric
system. Fig. 1 shows a sample of the obtained spectrum.
Table 1 reports Pal1-I coordinates, magnitudes from R98b,
S/N and the measured radial velocity. The reported RV (-
76.1 kms−1) is the average of the measures in the 4 frames
available. The standard deviation of the four derived RVs is
∼0.2 kms−1. HDS is located at a Nasmyth platform and, as such,
should not be critically affected by flexures. However, by mea-
suring a few sky lines we evaluate a residual uncertainty in
the RV of the order of an additional <0.2 kms−1. We adopted
a conservative 0.5 kms−1estimate for the RV error. For Pal1-
I, R98b obtained vhelio=-81.0±4.6 kms−1from lower resolution
spectra (R'4000) centered on the Ca II triplet. Clearly, the two
measures are compatible with each other within 1—σ.
We remark here that R98a also acquired control fields and
showed that the region of color-magnitude diagram (CMD)
in which Pal 1-I is selected is virtually free from field stars
contamination (see Fig. 5 in R98a). This is confirmed by the
Galaxy model of Robin et al. (2003)3 which predicts 1×10−3
stars in a 80′′ region centered on Pal 1 (Pal 1-I lies at about
49′′from the cluster center) in a CMD box defined by 1.11<(V-
I)<1.21; 16.09<V<16.69 and having radial velocity in the range
-80<vhelio(kms−1)<-70. The above figure raises to 7×10−2 if we
consider the whole cluster region out to the tidal radius (rt=525′′,
R98a). Therefore, Pal 1-I is unlikely to be a field star.
3. Chemical abundance analysis
3.1. Linelist and equivalent width measurements
Species abundances are obtained from line equivalent widths
(EWs) measured using the DAOSPEC code. The Gaussian ap-
proximation adopted by DAOSPEC represents a reliable approx-
imation to the line profile at the resolution under consideration
up to relatively strong lines (∼150 mÅ , see Stetson & Pancino,
2008; Pancino et al., 2010).
Appendix A reports the adopted linelist, atomic parameters
and measured line EWs. Atomic parameters were retrieved from
the Vienna Atomic Line Database (VALD4, Kupka et al., 2000)
with the exception of the single lines measured for Mn and Co.
Both these elements are known to be significantly affected by hy-
perfine splitting. For these transitions we adopted the hyperfine
structures (HFS) tabulated by Prochaska et al. (2000).
In order to perform a differential solar analysis, we broad-
ened the Kurucz (2005) Solar Flux Atlas5 to the resolution of
our SUBARU Pal1-I spectrum (R=30000) and measured the so-
lar line EWs (see appendix A) as above.
Silicon solar abundances calculated adopting VALD log gf
present a large dispersion. This may imply an important level of
internal inconsistency among these log gf. Therefore, for Si lines
we adopted the oscillator strengths of Bensby et al. (2009).
3.2. Model Atmospheres and chemical abundances
An initial estimate of the atmospheric parameters was obtained
from the R98b Pal1-I photometry (see Table 1). Adopting a red-
dening of E(B-V)=0.15 (Harris, 1996), we obtain an effective
3 http://model.obs-besancon.fr/
4 http://vald.astro.univie.ac.at/~vald/php/vald.php?
docpage=usage.html
5 http://kurucz.harvard.edu/sun.html
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Table 1. Basic parameters of Pal1-I. Measured radial velocity and spectra signal-to-noise ratios are also reported.
α(J2000) δ(J2000) V V-I E(B-V) S/N@560nm vhelio (kms−1) valsr (kms
−1) vagsr (kms
−1)
03:33:21.896 +79:35:38.76 16.39 1.16 0.15 40 -76.1±0.5 -71.7 +87.5
a Velocity in the local and galactic standard of rest are computed according to the following relations (see Palma et al., 2000):
vlsr = vhelio + (9 cos b cos l + 11 cos b sin l + 6 sin b); vgsr = vlsr + (220 cos b sin l)
Table 2. Atmospheric parameters adopted for Pal1-I and the
Sun.
Star Teff log g ξ [M/H]
K kms−1
Pal1-I 5000 2.40 1.0 −0.5
Sun 5777 4.44 0.9 0.0
temperature of Teff=4820 K from the Alonso et al. (1999) cal-
ibrations for the Pal1-I (V-I) color. We note that the Schlegel
et al. (1998, hereafter SFD98) reddening maps provide a sig-
nificantly larger reddening value, E(B-V)=0.19, which implies
Teff=4950 K. However, by applying the Bonifacio et al. (2000)
correction to SFD98 reddening values larger than E(B-V)=0.10,
we obtain E(B-V)=0.16 and, correspondingly, Teff=4850 K.
Adopting ages between 4 and 8 Gyr and a metallicity of
Z=0.004 (Rosenberg et al., 1998a), we derived a gravity of
log g = 2.4±0.5 dex by comparison with the Girardi et al. (2002)
and the Pietrinferni et al. (2004) isochrones.
A first model atmosphere having the above parameters and
[M/H]=-0.5 was computed using the Linux port of version 9
of the ATLAS code and abundances were derived from the
line EWs using the WIDTH code (Kurucz, 1993a; Sbordone,
Bonifacio, Castelli, & Kurucz, 2004). Iron lines were used to re-
fine the atmospheric parameters. The microturbulence velocity
(ξ) was estimated by minimizing the dependence of the abun-
dances from the measured EWs. The effective temperature is
determined by imposing that abundances should be indepen-
dent from the transition excitation potential. We finally adopt a
slightly hotter temperature of Teff=5000 K for Pal1-I. Iron abun-
dances derived by Fe I and Fe II lines provide an excellent agree-
ment, confirming the photometric gravity as a proper value.
For the Sun, Fe abundances calculated adopting a model at-
mosphere having [M/H]=0 and the standard solar effective tem-
perature and gravity (Teff=5777 K, log g = 4.44 ) satisfy well
the above requirements, while for the microturbulence we ob-
tain ξ=0.9 kms−1, well within the range of figures adopted in the
literature (see for instance Prochaska et al., 2000; Bensby et al.,
2009).
Table 2 summarizes the atmospheric parameters adopted for
Pal1-I and the Sun. Model atmospheres having these parame-
ters were calculated and employed within the WIDTH code to
derive the species abundances from the measured EWs for all el-
ements but Mn and Co. For these elements the abundances were
obtained by comparing the measured EWs to that of synthetic
lines calculated with the SYNTHE code along with the HFS pre-
sented in Prochaska et al. (2000). The abundances obtained for
each line are reported in appendix A. Table 3 presents the aver-
age abundances obtained for each species both for the Sun and
Pal1-I. In the last two column we report the solar abundances
of Grevesse & Sauval (1998, hereafter GS98) and the difference
with the present analysis. While for several elements we obtain a
good agreements with GS98, we also find notable discrepancies
in a few elements. This is not uncommon in differential abun-
dance analysis (see, e.g., Prochaska et al., 2000; Bensby et al.,
2003, 2009; Pancino et al., 2010). In particular, we find high dis-
crepancies in the derived Al (-0.25 dex) and Y (+0.43 dex) abun-
dances. The two Al lines measured here (6696 Åand 6698 Å) are
known to give systematically lower abundances and, in fact, sev-
eral authors adopt astrophysical values of the oscillator strengths
(see, e.g., Bensby et al., 2003, hereafter B03). We measured only
one Y line, which is also known to provide abundances higher
than other lines (see B03). The two La lines measured in the
Pal1-I spectrum were not detected in the Sun. As such, for La
we adopt the GS98 solar value.
In the following, the Pal1-I abundances will be always re-
ferred to our own solar abundances. The measured Pal1-I abun-
dances with respect to solar are also reported in Table 3, as well
as the dispersion (σ) of the abundances. It is common practice
to report, instead of σ, the standard deviation of the mean of the
abundances, i.e. the σ values divided by the square root of the
number of lines used (σ/
√
lines). However, this is a safe proce-
dure only by assuming that each line provides an independent
measure of the element abundance and we prefer to report, in-
stead, the σ values obtained.
We measure for Pal 1-I an Iron content of [Fe/H]=-
0.49±0.18. This is perfectly compatible with the measures of
R98b ([Fe/H]=-0.71±0.20).
We report in Table 4 the changes in the abundances expected
for variations in the atmospheric parameters of (∆ Teff= ± 100
K; ∆ log g = ±0.50; ∆ξ = ±0.10 kms−1), i.e. compatible with
their estimated uncertainty.
4. Discussion
In the ideal case, we would like to compare the Pal 1 abundance
pattern to the outcome of a self-consistent evolutionary model.
Existing models however are not yet able to return abundance
ratios as detailed as the ones we can measure observationally
(see, e.g., a review in Gnedin, 2010). To gain some insight into
the possible origin of this cluster, we thus follow the common
practice of comparing its abundance ratios to those of other stel-
lar systems. This is further justified because abundances might
be inherited, at least partially, from the pre-enriched interstel-
lar medium of a host system. Because both Galactic and extra-
galactic origins were postulated in the past for Pal 1, these two
possibilities are examined separately in the next sections.
4.1. Pal 1 as a Galactic cluster
The iron abundance of Pal 1 is typical of the thick disk, whose
distribution peaks around –0.7 (Ivezic´ et al., 2008), and it is on
the tail of the distribution of the thin disk, which peaks around –
0.15 (Holmberg et al., 2007). This metallicity is among the high-
est found in globular clusters and among the lowest found in
open clusters. Thus, from the point of view of its iron content, it
is difficult to classify Pal 1.
The ratio of α elements to iron (Fig. 2) is essentially solar.
From this point of view Pal 1 is like thin disk stars and Open
Clusters, but markedly different from thick disk stars, which
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Table 3. Average elemental abudances measured for both Pal1-I and the Sun. The gaussian dispersion (σ) around the mean and the
number of lines used are also reported. The standard deviation of the mean can be obtained as σ/
√
(lines). The last two columns
report the GS98 solar values and the difference with respect to our measurements.
Element Ion  [X/Fe I] σ lines  σ lines (S un) [X/H]S un
Pal1-I Sun GS98 t.w.-GS98
Al I 5.98 +0.25 0.02 2 6.22 0.04 2 6.47 -0.25
Ba II 2.00 +0.24 0.02 2 2.25 0.07 2 2.13 +0.12
Ca I 5.93 +0.04 0.14 8 6.38 0.13 6 6.36 +0.02
Co I 4.42 -0.06 —- 1 4.97 —- 1 4.92 +0.05
Cr I 4.93 -0.23 0.20 5 5.65 0.07 4 5.67 -0.02
Fe I 7.09 [FeI/H]=-0.49 0.18 108 7.58 0.12 95 7.50 +0.08
Fe II 7.08 [FeII/H]=-0.53 0.17 7 7.61 0.06 7 7.50 +0.11
La II 0.93 +0.29 0.05 2 1.13 —- 0 1.13 —–
Mg I 7.11 +0.11 0.08 3 7.49 0.17 3 7.58 -0.09
Mn I 4.63 -0.22 —- 1 5.34 —- 1 5.39 -0.05
Na I 6.07 +0.38 0.12 2 6.18 0.06 2 6.33 -0.15
Ni I 5.76 -0.03 0.17 25 6.28 0.16 24 6.25 +0.03
Sc II 2.81 -0.01 0.14 5 3.31 0.08 4 3.17 +0.14
Si I 7.04 -0.01 0.10 7 7.54 0.09 7 7.55 -0.01
Ti I 4.57 +0.10 0.18 17 4.96 0.09 12 5.02 -0.06
V I 3.42 -0.06 0.15 8 3.97 0.19 7 4.00 -0.03
Y II 1.86 -0.32 —- 1 2.67 —- 1 2.24 +0.43
Zn I 4.40 +0.38 —- 1 4.51 —- 1 4.60 -0.09
Table 4. Expected errors in the Pal1-I abundances due to estimated uncertainties in the atmospheric parameters.
Element Ion ∆ Teff= ± 100 K ∆ log g = ±0.50 ∆ξ = ±0.10 kms−1
Al I +0.06 -0.06 -0.01 +0.01 0.00 +0.01
Ba II +0.03 -0.03 +0.07 -0.10 -0.08 +0.07
Ca I +0.10 -0.10 -0.06 +0.04 -0.04 +0.04
Co I +0.12 -0.11 +0.03 -0.02 0.00 0.00
Cr I +0.09 -0.09 -0.01 +0.02 -0.01 +0.01
Fe I +0.08 -0.08 0.00 0.00 -0.03 +0.03
Fe II -0.06 +0.06 +0.23 -0.23 -0.03 +0.03
La II +0.02 -0.01 +0.22 -0.21 -0.01 +0.02
Mg I +0.06 -0.05 -0.01 +0.01 -0.01 +0.02
Mn I +0.09 -0.09 +0.04 0.00 -0.01 +0.03
Na I +0.07 -0.08 -0.11 +0.08 -0.03 +0.02
Ni I +0.08 -0.08 +0.03 -0.03 -0.03 +0.03
Sc II -0.01 +0.01 +0.07 -0.22 -0.03 +0.03
Si I +0.02 -0.01 +0.06 -0.04 -0.01 +0.01
Ti I +0.13 -0.13 -0.01 +0.02 -0.01 +0.02
V I +0.15 -0.15 -0.01 +0.01 -0.02 +0.02
Y II -0.01 +0.02 +0.21 -0.21 -0.05 +0.06
Zn I -0.04 +0.05 +0.14 -0.13 -0.02 +0.02
show enhanced α to iron ratios (Fuhrmann, 2008, and references
therein). Note however, that from the data of Fuhrmann (2008),
at the metallicity of Pal 1 the thin disk already displays an α ele-
ment enhancement, [Mg/Fe]∼ +0.2.
The light odd elements (Na and Al, see Fig. 3), that are
usually associated to nucleosynthesis by proton captures, both
show a moderate enhancement. Both Bensby et al. (2005) and
Reddy et al. (2006) noted that in disk stars Na and Al have
opposite trends with metallicity, while Al behaves like α ele-
ments becoming enhanced with decreasing metallicity, Na is flat
around [Na/Fe]=+0.1. Bensby et al. (2005) even claim a sig-
nificative difference between thin and thick disk, the thin disk
being slightly more Na enhanced. The [Na/Fe]=+0.38 found by
our analysis is at odds, by a factor of 2 with the mild Na en-
hancement found in disk stars. The [Al/Fe]=+0.25 is, instead
perfectly in line with the increase of this ratio with decreas-
ing metallicity. Incidentally this puts Pal 1 exactly between the
thin and thick disk, at this metallicity (see Fig. 8 of Bensby et
al. 2005). One should question if this overabundance of Na is
real or if it is linked to differential non-local thermodynamic
equilibrium (NLTE) effects between this giant in Pal 1 and the
dwarf and sub-giant stars analyzed by Bensby et al. (2005) and
Reddy et al. (2003, 2006). According to the NLTE computations
of Gratton et al. (1999) a corrections of the order of '-0.1 dex
should be applied to both our Pal 1 and solar abundances, leav-
ing, hence, the [Na/Fe] abundance ratio practically unchanged.
The Na abundances in disk dwarfs and subgiants were derived
by Reddy et al. (2003, 2006) using the 615 nm, 616 nm lines
while Bensby et al. (2005) used also the same lines adopted by
us. In both these cases the NLTE corrections have been consid-
ered to be small and were not included in the analysis. It thus
appears unlikely that the high Na abundance we derive, is due to
differential NLTE effects between dwarfs and giants.
Another thing to be considered is whether the high Na abun-
dance is indeed a chemical signature of Pal 1 or if it has to
be understood in terms of the Na-O anti-correlation found in
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Globular Clusters (Carretta et al., 2009, and references therein).
In Globular Clusters the “unpolluted” stars have [O/Fe]∼ +0.5
and [Na/Fe]∼ −0.3 (see Fig. 6 of Carretta et al. 2009), a “pol-
luted” star, with [Na/Fe]=+0.4 can have an oxygen to iron ratio
which is 1 dex below this. Given that in Pal 1-I the α to iron
ratios are solar, we expect [O/Fe] to be significantly sub-solar.
However this possibility cannot be checked, because the only
measurable oxygen line – [O I] 630 nm – is in our spectra super-
imposed to a telluric line and is, therefore, not suited for abun-
dance analysis.
The other odd light elements measured, Sc and V, may have
a production channel by proton captures, but may be also pro-
duced in nuclear statistical equilibrium, like other iron-peak el-
ements. In Pal 1 their ratio to iron appears solar, like it is in disk
stars.
Among the other iron-peak elements (Fig. 4) what stands out
are the underabundance of Cr and the overabundance of Zn. For
Cr one should be aware of the possible NLTE effects, as are
found in metal-poor stars (Bonifacio et al., 2009; Bergemann &
Cescutti, 2010). For Zn, according to the computations of Takeda
et al. (2005) the NLTE correction should be only of the order of
-0.1 dex. It is anyway remarkable that for both these elements
the ratio to iron appears similar to what found in the Globular
Cluster M71 (Ramírez & Cohen, 2002). Therefore it is likely
that these ratios are specific signatures of Pal 1.
For neutron capture elements (Fig. 5) the most relevant fea-
ture, with respect to disk stars of similar metallicities, is the
underabundance of Y and overabundance of Ba. It is tempting
to interpret this as an overabundance of second-peak s−process
elements (Ba), to light s−process elements (Y) as can be ex-
pected when the s−process is dominated by moderately metal-
poor stars (see Busso et al., 1999, and references therein).
4.2. The possible extra-galactic origin of Pal 1
Because Pal 1 is peculiar in terms of age and metallicity com-
pared to other GCs, a number of studies tried to associate it to
different Galactic sub-structures. In particular, Frinchaboy et al.
(2004) proposed the GASS, and Forbes & Bridges (2010) pro-
posed the putative CMa dwarf (see also Martin et al., 2004). In
view of the ambiguous nature of these two structures, we add
also the Sagittarius dSph galaxy to the set of template extra-
galactic systems: it is the only galaxy with measured abundance
ratios, and whose metallicity reaches values as high as that of
Pal 1 (Monaco et al., 2005; Sbordone et al., 2007).
Therefore in Figs. 6 to 8 we show again the abundance ratios
of Pal 1-I, but this time compared to Sagittarius dSph stars from
Sbordone et al. (2007, hereafter S07), stars in the GCs Pal 12
and Ter 7 (likely associated to Sgr, Cohen 2004 and S07), stars
in the CMa overdensity region (Sbordone et al., 2005) and stars
in the GASS (Chou et al., 2010).
Chou et al. (2010) have recently, presented Ti, La and Y
abundances for 21 M-giants in the GASS (open diamonds in
Figs. 6 and 7). Pal 1 presents Ti and Y content compatible with
them, while the La abundance is remarkably different. Detailed
chemical abundances for more stars in Pal 1 and for additional
elements for stars in the GASS are required to reliably assess
the compatibility of the two chemical patterns. At the present
stage, we can only conclude that the association of Pal 1 and the
GASS is not supported by our abundance analysis. The AMR of
the GASS was derived by Frinchaboy et al. (2004) using both
GCs and OCs belonging to the area of interest. Some of the OCs
they considered, namely Be 22, Be 29 and Tom 2, have measured
abundances and are included in Figs. 2—5 (plus symbols). These
Fig. 2. Pal1-I (big empty red star) α-element abundance ratios
are presented together with thick and thin Galactic disk stars
(shaded area) from Reddy et al. (2006, 2003). Also plotted are
the Galactic OCs from Pancino et al. (2010) and the literature
compilation presented in that study (filled green circles) and
the GCs 47 Tuc (big filled blue squares) and M 71 (big filled
pentagon) from Koch & McWilliam (2008), Ramírez & Cohen
(2002). The OCs Be 22, Be 29 and Tom 2 are also marked by a
plus symbol.
OCs have abundance patterns qualitatively not dissimilar with
respect to the rest of the OCs plotted in the figures, which are
also similar to Pal 1.
Data are definitely more sparse for the case of CMa. To date
only three giant stars in the background of the OC NGC 2477
were studied (Sbordone et al., 2005, hereafter S05, big open cir-
cles in the Figs. 6—7). S05 suggested that the CMa structure
should have undergone a level of chemical processing compati-
ble with that of the Galactic disk. Because Pal 1 chemical prop-
erties are also compatible with those of the disk, an association
to CMa might be possible. Indeed, the most metal-poor among
the stars studied in S05 has an iron content similar to Pal 1-I
([Fe/H]=-0.42) and the chemical composition of the two objects
is also quite similar, particularly in the α elements and neutron
capture elements (see Figs. 6—7).
We also compare with the Sgr dSph, which, as mentioned
above, is the only among MW satellite to have a mean metal-
licity similar to that of Pal 1 (Monaco et al., 2002, 2005). Sgr
stars studied by Sbordone et al. (2007, hereafter S07) are plot-
ted in Figs. 6—7 as a gray shaded area. The GCs Ter 7 (S07, big
asterisk) and Pal 12 (Cohen, 2004, big open triangle) are also
plotted since they are believed to belong to the Sgr GCs system,
either in the main body (Ter 7) or in the Sgr trailing tail (Pal 12).
There are some remarkable similarities of Pal 1 abundances with
Ter 7 for α elements and neutron capture elements (Figs. 6—7).
For the latter there is a similarity also with the Sgr field stars.
The sodium overabundance seems however a distinctive feature
of Pal 1-I (Fig. 8). Additionally, Pal 1 does not show the peculiar
6 Monaco et al.: Pal1 chemical abundances
Fig. 3. Pal1-I (big empty red star) light odd elements abundance
ratios. Other symbols are the same as in Fig. 2.
Fig. 4. Pal1-I (big empty red star) abundance ratios for Fe-peak
elements. Other symbols are the same as in Fig. 2.
Sgr Iron-peak and light odd elements (Figs. 9 and 8) abundance
ratios.
5. Conclusion
We have presented the first high resolution chemical abundances
of 18 among α, Iron-peak, light and heavy elements for one giant
in the peculiar, young cluster Palomar 1. Pal 1 chemical abun-
dance pattern is similar to that of the Galactic OCs population
Fig. 5. Pal1-I (big empty red star) heavy element abundance ra-
tios. Other symbols are the same as in Fig. 2.
and significantly different from that of stars in the Sgr dwarf
spheroidal galaxy. The different chemical composition with re-
spect to stars analyzed in the GASS, would argue against the
associations of Pal 1 with this structure. More data is, however,
needed to reliably assess the compatibility of the two systems
chemical patterns. If the association between Pal 1 and CMa will
be proved, this would imply that the CMa overdensity has un-
dergone a degree of chemical processing similar to the Galactic
disk, in agreement with Sbordone et al. (2005).
Pal 1 might then be a GC which experienced a peculiar
chemical evolution or an OC ejected from the Galactic disk,
which high concentration and flat MF would be the result of its
peculiar dynamical evolution. Only a reconstruction of the clus-
ter’s orbit would permit discriminating between the two possibil-
ities. In this respect we remark that, as pointed out by Peñarrubia
et al. (2005), radial velocities and positions are not sufficient
to claim a common orbit; measurements of proper motions are
needed to break degeneracies. A measure of the Pal 1 proper mo-
tion is therefore crucial to disentangle the origin of this peculiar
system.
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Appendix A: Individual line data
The following table reports the line list and atomic parame-
ters adopted for Pal1-I and the Sun. For the Mn and Co lines
we adopted the HFS of Prochaska et al. (2000). The measured
equivalent width and the corresponding abundance obtained for
each line are also reported.
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Table A.1. Adopted line list and atomic parameters. The measured equivalent width and the corresponding abundances obtained for
each line are also reported for both Pal1-I and the Sun.
Element Ion λ log gf χ EW  EW 
(Å) eV (mÅ) (mÅ)
Pal1-I Sun
Al I 6696.023 -1.347 3.143 42.0 5.99 38.5 6.25
Al I 6698.673 -1.647 3.143 26.0 5.97 21.1 6.20
Ba II 5853.668 -1.000 0.604 94.5 2.01 66.9 2.30
Ba II 6496.897 -0.377 0.604 139.2 1.98 104.2 2.20
Ca I 5581.965 -0.555 2.523 88.4 5.88 97.4 6.39
Ca I 5601.277 -0.523 2.526 89.1 5.86 111.8 6.58
Ca I 5857.451 0.240 2.933 115.6 5.92 133.8 6.19
Ca I 6455.598 -1.340 2.523 51.1 5.75 —– —–
Ca I 6471.662 -0.686 2.526 97.3 6.12 94.8 6.42
Ca I 6493.781 -0.109 2.521 123.7 6.07 129.3 6.33
Ca I 6572.779 -4.240 0.000 55.1 5.78 —– —–
Ca I 6717.681 -0.524 2.709 100.5 6.07 117.4 6.38
Co I 6814.942 HFS HFS 37.5 4.42 19.6 4.97
Cr I 5783.063 -0.500 3.323 21.1 4.95 32.6 5.69
Cr I 5783.850 -0.295 3.322 41.5 5.23 45.0 5.72
Cr I 5784.969 -0.380 3.321 26.0 4.96 —– —–
Cr I 5787.918 -0.083 3.322 33.5 4.84 47.2 5.55
Cr I 6330.091 -2.920 0.941 23.5 4.69 25.9 5.63
Fe I 5525.539 -1.084 4.230 64.1 7.13 55.2 7.35
Fe I 5549.948 -2.910 3.694 21.9 7.37 8.4 7.46
Fe I 5554.882 -0.440 4.548 77.8 7.15 94.7 7.57
Fe I 5560.207 -1.190 4.434 43.7 6.99 51.4 7.55
Fe I 5567.391 -2.564 2.608 77.6 7.10 68.9 7.61
Fe I 5587.574 -1.850 4.143 30.9 7.04 —– —–
Fe I 5600.224 -1.420 4.260 36.0 6.86 —– —–
Fe I 5619.587 -1.700 4.386 27.2 7.06 34.2 7.69
Fe I 5624.022 -1.480 4.386 38.2 7.10 54.5 7.87
Fe I 5633.946 -0.270 4.991 53.7 6.90 70.3 7.53
Fe I 5635.822 -1.890 4.256 29.1 7.15 35.4 7.77
Fe I 5636.696 -2.610 3.640 16.1 6.82 19.3 7.54
Fe I 5638.262 -0.870 4.220 76.7 7.19 78.6 7.54
Fe I 5641.434 -1.180 4.256 65.1 7.27 66.7 7.68
Fe I 5649.987 -0.920 5.099 27.3 7.07 35.7 7.62
Fe I 5650.706 -0.960 5.085 35.0 7.28 —– —–
Fe I 5652.318 -1.950 4.260 32.2 7.29 24.6 7.61
Fe I 5653.865 -1.640 4.386 37.2 7.23 38.9 7.71
Fe I 5655.493 -0.796 4.260 60.0 6.80 73.3 7.54
Fe I 5667.518 -1.576 4.178 43.3 7.08 51.7 7.77
Fe I 5679.023 -0.920 4.652 46.7 7.02 —– —–
Fe I 5680.240 -2.580 4.186 16.7 7.42 —– —–
Fe I 5691.497 -1.520 4.301 34.7 6.96 41.5 7.59
Fe I 5701.544 -2.216 2.559 79.6 6.72 85.7 7.53
Fe I 5705.464 -1.355 4.301 35.9 6.82 38.3 7.36
Fe I 5717.833 -1.130 4.284 56.3 7.05 —– —–
Fe I 5731.762 -1.300 4.256 56.7 7.19 58.7 7.65
Fe I 5732.275 -1.560 4.991 13.5 7.17 14.1 7.59
Fe I 5752.032 -1.177 4.549 49.1 7.23 56.0 7.81
Fe I 5753.121 -0.688 4.260 80.6 7.15 82.6 7.45
Fe I 5760.344 -2.490 3.642 29.3 7.07 22.8 7.52
Fe I 5775.081 -1.298 4.220 50.7 7.02 —– —–
Fe I 5778.453 -3.430 2.588 39.6 7.03 21.5 7.39
Fe I 5784.657 -2.532 3.396 26.6 6.76 —– —–
Fe I 5793.913 -1.700 4.220 22.6 6.75 35.2 7.56
Fe I 5806.717 -1.050 4.607 44.4 7.05 55.9 7.64
Fe I 5814.805 -1.970 4.283 31.2 7.30 22.8 7.60
Fe I 5816.373 -0.601 4.548 78.5 7.35 —– —–
Fe I 5835.098 -2.370 4.256 17.7 7.31 14.4 7.71
Fe I 5838.370 -2.340 3.943 23.9 7.11 21.2 7.59
Fe I 5852.217 -1.330 4.548 31.4 6.96 40.9 7.60
Fe I 5859.586 -0.419 4.549 65.0 6.84 75.4 7.37
Fe I 5862.357 -0.127 4.549 71.9 6.72 88.7 7.34
Fe I 5881.279 -1.840 4.607 17.4 7.16 15.5 7.55
Fe I 5883.813 -1.360 3.960 64.7 7.09 75.7 7.66
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Table A.1. Adopted line list and atomic parameters. The measured equivalent width and the corresponding abundances obtained for
each line are also reported for both Pal1-I and the Sun (continued).
Element Ion λ log gf χ EW  EW 
(Å) eV (mÅ) (mÅ)
Pal1-I Sun
Fe I 5905.671 -0.730 4.652 38.6 6.64 58.6 7.40
Fe I 5909.970 -2.587 3.211 42.2 6.95 34.2 7.44
Fe I 5916.247 -2.994 2.453 57.1 6.82 55.8 7.58
Fe I 5927.786 -1.090 4.652 36.3 6.95 41.1 7.46
Fe I 5929.667 -1.410 4.548 41.2 7.26 40.0 7.66
Fe I 5952.716 -1.440 3.984 61.8 7.12 64.7 7.58
Fe I 5976.777 -1.243 3.943 70.5 7.12 74.4 7.67
Fe I 5984.815 -0.196 4.733 77.5 7.12 86.5 7.52
Fe I 6003.010 -1.120 3.881 83.8 7.19 87.1 7.52
Fe I 6007.960 -0.597 4.652 55.7 6.91 64.6 7.48
Fe I 6012.206 -4.038 2.223 25.7 6.89 25.0 7.72
Fe I 6015.243 -4.680 2.223 17.0 7.29 —– —–
Fe I 6024.049 -0.120 4.548 93.7 7.12 110.9 7.46
Fe I 6027.051 -1.089 4.076 65.8 7.01 —– —–
Fe I 6055.992 -0.460 4.733 61.9 6.98 75.2 7.46
Fe I 6078.491 -0.321 4.796 66.8 7.05 79.5 7.59
Fe I 6078.999 -1.120 4.652 48.1 7.24 47.2 7.59
Fe I 6082.708 -3.573 2.223 48.8 6.93 36.3 7.51
Fe I 6085.258 -3.095 2.758 59.3 7.31 42.8 7.70
Fe I 6093.643 -1.500 4.607 31.7 7.20 30.4 7.60
Fe I 6096.662 -1.930 3.984 33.9 6.98 37.9 7.58
Fe I 6098.244 -1.880 4.558 22.9 7.30 15.6 7.54
Fe I 6102.171 -0.516 4.835 67.3 7.30 82.4 7.85
Fe I 6187.987 -1.720 3.943 50.9 7.10 48.6 7.54
Fe I 6200.313 -2.437 2.608 92.0 7.23 —– —–
Fe I 6220.776 -2.460 3.881 29.1 7.28 20.2 7.61
Fe I 6290.965 -0.774 4.733 54.1 7.12 67.2 7.76
Fe I 6315.306 -1.232 4.143 70.0 7.31 70.6 7.83
Fe I 6315.811 -1.710 4.076 35.0 6.89 42.3 7.61
Fe I 6322.685 -2.426 2.588 82.2 6.95 77.7 7.56
Fe I 6330.838 -1.740 4.733 30.7 7.54 32.8 8.00
Fe I 6344.148 -2.923 2.433 81.1 7.24 67.7 7.71
Fe I 6380.743 -1.376 4.186 53.2 7.09 52.1 7.60
Fe I 6392.538 -4.030 2.279 34.0 7.11 16.8 7.51
Fe I 6408.018 -1.018 3.686 89.5 6.99 101.5 7.59
Fe I 6436.406 -2.460 4.186 17.9 7.31 9.8 7.52
Fe I 6469.192 -0.770 4.835 44.5 6.99 60.1 7.61
Fe I 6475.624 -2.942 2.559 73.4 7.21 60.4 7.69
Fe I 6496.466 -0.570 4.795 57.0 7.02 65.0 7.45
Fe I 6533.928 -1.460 4.558 34.9 7.15 42.3 7.72
Fe I 6569.209 -0.420 4.733 66.8 7.01 92.3 7.65
Fe I 6575.016 -2.710 2.588 72.5 6.98 —– —–
Fe I 6597.557 -1.070 4.795 42.6 7.20 43.0 7.57
Fe I 6608.024 -4.030 2.279 37.3 7.17 16.1 7.48
Fe I 6609.110 -2.692 2.559 80.6 7.11 66.9 7.56
Fe I 6627.540 -1.680 4.548 30.9 7.27 27.6 7.64
Fe I 6633.746 -0.799 4.558 56.9 6.97 70.3 7.55
Fe I 6703.566 -3.160 2.758 57.0 7.27 37.7 7.62
Fe I 6715.382 -1.640 4.607 22.7 7.09 28.2 7.67
Fe I 6725.353 -2.300 4.103 25.0 7.24 16.5 7.53
Fe I 6726.666 -1.133 4.607 59.3 7.43 47.3 7.59
Fe I 6750.150 -2.621 2.424 90.1 7.10 75.6 7.52
Fe I 6752.705 -1.204 4.638 34.0 6.96 36.5 7.44
Fe I 6786.856 -2.070 4.191 27.9 7.18 26.4 7.64
Fe I 6806.843 -3.210 2.727 43.6 6.99 35.9 7.60
Fe I 6810.257 -0.986 4.607 30.4 6.62 51.7 7.46
Fe I 6820.369 -1.320 4.638 45.5 7.32 41.6 7.63
Fe I 6828.590 -0.920 4.638 65.9 7.37 58.1 7.55
Fe I 6839.830 -3.450 2.559 43.5 7.03 32.4 7.59
Fe I 6842.679 -1.320 4.638 42.2 7.25 41.0 7.62
Fe I 6843.648 -0.930 4.548 54.8 7.03 61.8 7.54
Fe I 6857.249 -2.150 4.076 16.8 6.82 20.1 7.48
Fe I 6858.145 -0.930 4.607 44.4 6.88 50.6 7.40
Fe II 5534.847 -2.865 3.245 74.0 7.21 61.4 7.60
Fe II 5991.376 -3.647 3.153 47.1 7.20 31.6 7.57
Monaco et al.: Pal1 chemical abundances, Online Material p 4
Table A.1. Adopted line list and atomic parameters. The measured equivalent width and the corresponding abundances obtained for
each line are also reported for both Pal1-I and the Sun (continued).
Element Ion λ log gf χ EW  EW 
(Å) eV (mÅ) (mÅ)
Pal1-I Sun
Fe II 6084.111 -3.881 3.199 35.3 7.19 20.0 7.52
Fe II 6247.557 -2.435 3.892 49.3 6.86 54.8 7.60
Fe II 6416.919 -2.877 3.892 43.3 7.15 40.1 7.70
Fe II 6432.680 -3.687 2.891 55.8 7.14 42.1 7.59
Fe II 6516.080 -3.432 2.891 52.4 6.80 56.1 7.65
La II 6390.477 -1.410 0.321 22.3 0.97 —– —–
La II 6774.268 -1.708 0.126 18.4 0.90 —– —–
Mg I 5711.088 -1.833 4.346 92.0 7.20 105.2 7.67
Mg I 6318.717 -1.730 5.108 42.2 7.05 50.6 7.44
Mg I 6319.237 -1.950 5.108 33.6 7.10 31.7 7.34
Mn I 6013.513 HFS HFS 83.6 4.63 88.0 5.34
Na I 5682.633 -0.700 2.102 103.5 6.15 106.4 6.23
Na I 5688.205 -0.450 2.104 108.4 5.98 124.5 6.14
Ni I 5587.853 -2.140 1.935 73.5 5.57 64.3 6.20
Ni I 5614.768 -0.508 4.154 34.4 5.53 45.4 6.30
Ni I 5682.198 -0.470 4.105 44.8 5.67 55.3 6.32
Ni I 5748.346 -3.260 1.676 51.5 5.83 29.5 6.25
Ni I 5760.828 -0.800 4.105 36.7 5.81 36.2 6.28
Ni I 5805.213 -0.640 4.167 34.6 5.66 41.8 6.28
Ni I 5831.593 -1.079 4.167 27.9 5.95 25.9 6.41
Ni I 5846.986 -3.210 1.676 36.8 5.45 22.6 6.02
Ni I 5857.746 -0.636 4.167 38.0 5.75 58.9 6.75
Ni I 6007.306 -3.330 1.676 41.4 5.66 26.4 6.23
Ni I 6086.276 -0.530 4.266 43.2 5.85 43.9 6.29
Ni I 6223.981 -0.910 4.105 29.8 5.73 28.1 6.19
Ni I 6314.653 -1.770 1.935 88.4 5.47 76.7 6.00
Ni I 6322.164 -1.170 4.154 17.0 5.69 18.2 6.23
Ni I 6327.593 -3.150 1.676 57.6 5.81 38.6 6.31
Ni I 6360.808 -1.279 4.167 16.7 5.80 —– —–
Ni I 6384.663 -1.130 4.154 22.9 5.82 23.9 6.35
Ni I 6414.581 -1.180 4.154 18.7 5.75 19.0 6.26
Ni I 6482.796 -2.630 1.935 64.9 5.74 41.7 6.10
Ni I 6532.871 -3.390 1.935 26.7 5.66 13.7 6.14
Ni I 6586.308 -2.810 1.951 62.2 5.87 45.9 6.38
Ni I 6635.118 -0.820 4.419 21.4 5.76 26.2 6.34
Ni I 6643.629 -2.300 1.676 114.4 6.19 96.2 6.60
Ni I 6767.768 -2.170 1.826 106.9 6.07 81.6 6.37
Ni I 6772.313 -0.980 3.658 54.5 5.82 50.3 6.24
Sc II 5641.001 -1.131 1.500 53.0 2.61 43.3 3.39
Sc II 5667.149 -1.309 1.500 56.0 2.85 32.6 3.34
Sc II 5669.042 -1.200 1.500 64.8 2.94 35.4 3.29
Sc II 5684.202 -1.074 1.507 60.8 2.73 —– —–
Sc II 6604.601 -1.309 1.357 69.5 2.91 34.9 3.20
Si I 5665.555 -1.750 4.920 34.8 6.98 38.0 7.44
Si I 5684.484 -1.732 4.954 51.3 6.95 65.7 7.55
Si I 5690.425 -1.769 4.930 38.5 6.89 50.2 7.49
Si I 5701.104 -1.581 4.930 37.3 7.05 37.2 7.45
Si I 5948.541 -0.780 5.082 75.0 7.10 85.9 7.50
Si I 6243.815 -1.242 5.616 36.3 7.10 48.3 7.65
Si I 6244.466 -1.093 5.616 39.3 7.19 46.1 7.67
Ti I 5662.150 0.010 2.318 31.9 4.41 24.0 4.86
Ti I 5739.978 -0.670 2.236 16.4 4.58 6.4 4.78
Ti I 5766.359 0.389 3.294 13.9 4.62 8.4 4.87
Ti I 5866.451 -0.840 1.067 73.7 4.71 48.8 5.02
Ti I 5899.294 -1.154 1.053 58.6 4.66 36.8 5.07
Ti I 5903.315 -2.145 1.067 17.0 4.73 —– —–
Ti I 5922.109 -1.466 1.046 28.4 4.33 19.3 4.96
Ti I 5941.751 -1.510 1.053 28.9 4.39 —– —–
Ti I 5953.160 -0.329 1.887 53.9 4.71 35.7 5.05
Ti I 5965.828 -0.409 1.879 34.3 4.36 30.0 5.00
Ti I 6064.626 -1.944 1.046 25.0 4.72 8.1 4.98
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Table A.1. Adopted line list and atomic parameters. The measured equivalent width and the corresponding abundances obtained for
each line are also reported for both Pal1-I and the Sun (continued).
Element Ion λ log gf χ EW  EW 
(Å) eV (mÅ) (mÅ)
Pal1-I Sun
Ti I 6091.171 -0.423 2.267 18.9 4.43 14.4 4.95
Ti I 6258.102 -0.355 1.443 75.2 4.64 —– —–
Ti I 6261.098 -0.479 1.430 84.3 4.95 50.3 5.01
Ti I 6556.062 -1.074 1.460 27.4 4.35 —– —–
Ti I 6599.105 -2.085 0.900 28.7 4.74 —– —–
Ti I 6743.122 -1.630 0.900 35.6 4.42 19.0 4.92
V I 5670.853 -0.420 1.081 28.5 3.32 16.5 3.86
V I 5727.048 -0.012 1.081 55.1 3.48 38.6 3.99
V I 5727.652 -0.870 1.051 12.1 3.25 6.5 3.81
V I 6039.722 -0.650 1.064 17.8 3.23 12.3 3.89
V I 6090.214 -0.062 1.081 48.5 3.36 33.1 3.90
V I 6216.354 -1.290 0.275 41.8 3.49 36.6 4.39
V I 6243.105 -0.980 0.301 62.1 3.63 31.3 3.99
V I 6285.150 -1.510 0.275 36.7 3.60 —– —–
Y II 5662.925 0.160 1.944 54.6 1.86 50.5 2.67
Zn I 6362.338 0.150 5.796 29.0 4.40 20.9 4.51
